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 Chirality differentiation 
- examples for optical methods
Polarimeter
Source: The Chemistry of Breadmaking
(1912)
used for identification and purity control
depends on
(chirality of) molecule
wavelength of polarized light
solvent
temperature
complicated for mixtures of chiral molecules
Circular dichroismPolarimetry
 Chirality differentiation 
- optical methods
Polarimeter
Source: The Chemistry of Breadmaking
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Polarimetry Photoelectron circular dichroism
Recent developments:
recent perspective article:
Maurice H.M. Janssen and Ian Powis 
Phys.Chem.Chem.Phys. 16 (2014) 856
Linear momenta in five-fold fragmentation
using ColTRIMS (cold target recoil ion momentum spectroscopy)
(S)-enantiomer (R)-enantiomer
Pitzer et al., Science 341 (2013) 1096-1100.
determination of the absolute configuration of the enantiomers
of small molecules
Challenges for chiral-molecules analysis 
techniques
weak signals (VCD: 10-4)
conformer specificity
address molecules with more than one stereogenic center 
(increasing number of stereoisomers); diastereomers
mixture analysis
rotational spectroscopy is inherently mixture 
compatible: 
conformers, diastereomers, isotopologues...
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covers a wide frequency range within a single acquisition (2-8.5 GHz)
well suited for complex and transient molecules
multi-resonance spectroscopy
robust technique, high resolution (20 kHz)
molecules need a dipole moment
G.G. Brown, B.C. Dian. K.O. Douglass, S.M. Geyer, S.T. Shipman, B.H. Pate, Rev. Sci. Instrum. 79 (2008) 053103.
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molecules need a dipole moment
G.G. Brown, B.C. Dian. K.O. Douglass, S.M. Geyer, S.T. Shipman, B.H. Pate, Rev. Sci. Instrum. 79 (2008) 053103.
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The broadband chirped-pulse technique
 The Hamburg COMPACT spectrometer
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chiral signal is of similar strength 
as “normal” signal
Theoretical Background:
J.-U. Grabow, Angew. Chem. 125 (2013) 2-5.
 Determination of the enantiomeric excess
D. Patterson, J.M. Doyle, Phys. Rev. Lett. 111 (2013) 023008.
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Carvone: 
Analysis of a conformational mixture
quantum chemistry calculations microwave (three-wave) spectroscopy
predict molecular constants using quantum chemical 
calculations
--> rotational constants
--> dipole-moment components
record microwave spectrum of unknown substance
determine molecular parameters (rotational constants) 
for components
predict microwave three-wave mixing cycles
record three-wave mixing and determine phases
compare
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conformer 
EQ2
conformer 
EQ1
rotational constants (MHz)
A = 2237.20549(43)
B = 656.278398(261)
C = 579.641099(193)
A = 2256.91206(88)
B = 672.909630(241)
C = 554.504807(172)
J.R.A. Moreno, T.R. Huet, J.J.L. Gonzalez Struct. Chem. 24 (2013) 77-84.
∆(E) = 1kJ/molE = 1 kJ / ol
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(2S,5R)-2-isopropyl-5-
methylcyclohexanone
63680 ALDRICH
Menthone
mixture of isomers, ≥97.0% (GC)
Synonym: 2-Isopropyl-5-methylcyclohexanone
to test our method on a “real-life”, 
commercially available but 
uncharacterized sample:
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fit
 
Menthone -  mixture characterization
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
diastereomers differ in their rotational spectra
Menthone - mixture of isomers experiment
fit
 
Menthone -  mixture characterization
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
diastereomers differ in their rotational spectra
m ntho e A:
A = 1953.43 MHz      
B = 694.51 MHz   
C = 586.58 MHz
isomenthone:
A = 1535.27 MHz     
B = 812.92 MHz       
C = 671.43 MHz           
 (+)-isomenthone (-)-isomenthone
(-)-menthone (+)-menthone
enantiomers
enantiomers
diastereomers
Menthone -  mixture characterization
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
*
*
(2S,5R)-2-isopropyl-5-
methylcyclohexanone
 (+)-isomenthone (-)-isomenthone
(-)-menthone (+)-menthone
enantiomers
enantiomers
diastereomers
Menthone -  mixture characterization
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
*
*
(2S,5R)-2-isopropyl-5-
methylcyclohexanone
 (+)-isomenthone (-)-isomenthone
(-)-menthone (+)-menthone
enantiomers
enantiomers
diastereomers
Menthone -  mixture characterization
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
*
*
(2S,5R)-2-isopropyl-5-
methylcyclohexanone Enantiomer differentiation 
via microwave three-wave mixing
(mixed-down signal)
 (+)-isomenthone (-)-isomenthone
(-)-menthone (+)-menthone
enantiomers
enantiomers
diastereomers
Menthone -  mixture characterization
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
*
*
(2S,5R)-2-isopropyl-5-
methylcyclohexanone Enantiomer differentiation 
via microwave three-wave mixing
(mixed-down signal)
!"#$%&#"'()*+$"#(,$(-./-0/1(!23( 4,56&#"'()*+$"#(,$(78910/:(!23(
;<=>?<@,56&#"( A<=<?<@,56&#"(:A'7;<=>?<B"#$%&#"( :;'7A<=<?<B"#$%&#"(
enantiopure
 (+)-isomenthone (-)-isomenthone
(-)-menthone (+)-menthone
enantiomers
enantiomers
diastereomers
Menthone -  mixture characterization
In
te
ns
ity
 o
f t
he
 li
st
en
 si
gn
al
 (a
rb
. u
ni
ts
)
Time (µs)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
(-)-menthone
(+)-menthone
menthone (mixture of isomers)
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
*
*
(2S,5R)-2-isopropyl-5-
methylcyclohexanone Enantiomer differentiation 
via microwave three-wave mixing
(mixed-down signal)
 (+)-isomenthone (-)-isomenthone
(-)-menthone (+)-menthone
enantiomers
enantiomers
diastereomers
Menthone -  mixture characterization
In
te
ns
ity
 o
f t
he
 li
st
en
 si
gn
al
 (a
rb
. u
ni
ts
)
Time (µs)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
(-)-menthone
(+)-menthone
menthone (mixture of isomers)
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
*
*
(2S,5R)-2-isopropyl-5-
methylcyclohexanone Enantiomer differentiation 
via microwave three-wave mixing
(mixed-down signal)
 (+)-isomenthone (-)-isomenthone
(-)-menthone (+)-menthone
enantiomers
enantiomers
diastereomers
Menthone -  mixture characterization
In
te
ns
ity
 o
f t
he
 li
st
en
 si
gn
al
 (a
rb
. u
ni
ts
)
Time (µs)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
(-)-menthone
(+)-menthone
menthone (mixture of isomers)
(-)-menthone in excess
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
*
*
(2S,5R)-2-isopropyl-5-
methylcyclohexanone Enantiomer differentiation 
via microwave three-wave mixing
(mixed-down signal)
1953.43 MHz     
694.51 MHz   
586.58 MHz      
A = 2237.20549(43)     
B = 656.278398(261)   
C = 579.641099(193)      
Menthone - unknown mixture:
determination of enantiomeric excess 
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
carvone menthone
!"#$%&'('#
)*#$%&'('#
time (µs)
0 2 4 6 8
chirp
co-added
internal reference / calibration needed
combined measurements with carvone (1:1 mixture)
1953.43 MHz     
694.51 MHz   
586.58 MHz      
A = 2237.20549(43)     
B = 656.278398(261)   
C = 579.641099(193)      
Menthone - unknown mixture:
determination of enantiomeric excess 
1.0
2.82(32)
1.0
1.75(28)
enantiopure 
(-)-menthone 
and carvone
menthone 
(mixture of isomers) 
and carvone
carvone
menthone
Relative three-wave
mixing intensities
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
carvone menthone
!"#$%&'('#
)*#$%&'('#
time (µs)
0 2 4 6 8
chirp
co-added
internal reference / calibration needed
combined measurements with carvone (1:1 mixture)
1953.43 MHz     
694.51 MHz   
586.58 MHz      
A = 2237.20549(43)     
B = 656.278398(261)   
C = 579.641099(193)      
Menthone - unknown mixture:
determination of enantiomeric excess 
1.0
2.82(32)
1.0
1.75(28)
enantiopure 
(-)-menthone 
and carvone
menthone 
(mixture of isomers) 
and carvone
carvone
menthone
Relative three-wave
mixing intensities
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
carvone menthone
!"#$%&'('#
)*#$%&'('#
time (µs)
0 2 4 6 8
chirp
co-added
internal reference / calibration needed
combined measurements with carvone (1:1 mixture)
ee of (-)-menthone
(81% (-)-menthone/19% (+)-menthone)
62.0%± 24.0%
 (+)-isomenthone (-)-isomenthone
(-)-menthone (+)-menthone
enantiomers
enantiomers
diastereomers
Menthone -  mixture characterization
V.A. Shubert, D. Schmitz, M. Schnell J. Mol. Spectroscopy 300 (2014) 31-36.
*
*
(2S,5R)-2-isopropyl-5-
methylcyclohexanone Summary menthone
characterization of a “real-life” mixture
differentiation between menthone and 
isomenthone and their conformers via 
their rotational spectra
unambiguous differentiation between 
the menthone enantiomers
ee determination (other species do not 
interfer)
detailed chiral analysis of mixtures 
containing at least 6 different 
species
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4 energetically low-lying conformers
characterization for chirality-sensitive spectroscopy
Summary Ibuprofen
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Introduction
Chiral molecules
Broadband rotational spectroscopy
Chirality-sensitive microwave spectroscopy
unambiguous differentiation of enantiomers of chiral molecules
signal amplitude proportional to the enantiomeric excess (ee)
inherent mixture compatibility
applicable to molecules containing several stereogenic centers
Heavy-metal containing chiral compounds
Conclusions & Outlook
interesting bonding situations 
suggested as candidate molecules for studying parity violation in 
chiral molecules (large frequency differences expected)
detailed characterization needed for future precision experiments
 
There’s more to chirality than asymmetric 
carbons: Transition-metal complexes
Scheme 1. The calculated compounds containing chiral metal centers.
P. Schwerdtfeger, J. Gierlich, T. Bollwein Angew. Chem. Int. Ed. 42 (2003) 1293-1296.
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based on fits
            only Re hyperfine structure allows for 
differentiation and assignment of isotopologues
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*B3LYP / cc-VQZ and ANO-RCC (Re)
broadband rotational spectroscopy as a tool to study molecular 
structure
high conformer selectivity
high mixture compatibility - application for trace gas analysis
microwave three-wave mixing is a general approach to 
differentiate enantiomers of chiral molecules
mixture analysis; ee determination
molecules with multiple stereogenic centers
chirality beyond asymmetric carbon atoms
spectroscopic analysis of CpRe(NO)(CO)CH3, a candidate for 
studying parity violation in chiral molecules
Conclusions
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Manipulation with electric fields:
Molecules in low-field seeking (lfs) states
lens, decelerator, synchroton, trap
Manipulating the motion of neutral 
molecules with electric fields
controlling the motion of neutral polar molecules (ground 
state) IN THE GAS PHASE
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Explore the use of microwaves  for controlling the 
motion of molecules in hfs states
 Merz, Vanhaecke, Jäger, Schnell, Meijer, Phys. Rev. A 85 (2012) 063411
Motion control of polar molecules using 
microwave fields
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Conclusions microwave deceleration
a new method to manipulate the motion of molecules in hfs 
states
next steps: deceleration to standstill and trapping
extension to larger molecules
usage for precision spectroscopy?
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